This paper aims to identify key biological processes triggered by resection surgery in the extraocular muscles (EOMs) of a rabbit model of strabismus surgery by studying changes in gene expression. Resection surgery was performed in the superior rectus of 16 rabbits and a group of non-operated rabbits served as control. Muscle samples were collected from groups of four animals 1, 2, 4 and 6 weeks after surgery and processed for RNAsequencing and immunohistochemistry. We identified a total of 164; 136; 64 and 12 differentially expressed genes 1, 2, 4 and 6 weeks after surgery. Gene Ontology enrichment analysis revealed that differentially expressed genes were involved in biological pathways related to metabolism, response to stimulus mainly related with regulation of immune response, cell cycle and extracellular matrix. A complementary pathway analysis and network analysis performed with Ingenuity Pathway Analysis tool corroborated and completed these findings. Collagen I, fibronectin and versican, evaluated by immunofluorescence, showed that changes at the gene expression level resulted in variation at the protein level. Tenascin-C staining in resected muscles demonstrated the formation of new tendon and myotendinous junctions. These data provide new insights about the biological response of the EOMs to resection surgery and may form the basis for future strategies to improve the outcome of strabismus surgery.
Introduction
Strabismus (ocular misalignment) affects approximately 2,6-5,6% of pediatric and approximately 4% of adult world populations (TorpPedersen et al., 2017; Chen et al., 2016; Martinez-Thompson et al., 2014) . Untreated strabismus can lead to amblyopia or to double vision and is associated with negative effects on daily life aspects such as selfesteem, social relations, employment and driving. The treatment of strabismus in some cases requires surgery in order to strengthen or to weaken the extraocular muscles (EOMs) and thereby restore ocular alignment. However, a large proportion of strabismus patients must undergo additional surgical procedures due to relapse of ocular misalignment (Simonsz and Eijkemans, 2010; Repka et al., 2018; Trigler and Siatkowski, 2002) , with inherent physical and emotional distress for the patient as well as the economical impact for the parts involved.
The EOMs are a distinct type of muscle with particular characteristics at the functional, structural and gene levels (Fischer et al., 2005; Kjellgren et al., 2003; McLoon and Christiansen, 2010) . In comparison to other skeletal muscles, the EOMs show upregulation of genes related to particular metabolic pathways, developmental and regeneration markers, as well as chemoprotective enzymes against cellular damage caused by reactive oxygen species (Fischer et al., 2005) . They are surrounded by an abundant and complex extracellular matrix (ECM) (McLoon et al., 2018) , which shows differences in laminin isoforms (Kjellgren et al., 2004) and fibroblast characteristics (Kusner et al., 2010) in comparison with skeletal muscles. Differences in contractility and ECM-associated genes and proteins (Altick et al., 2012; Agarwal et al., 2016; Stager et al., 2013; Kitada et al., 2003) have been reported in human EOMs of patients affected by strabismus and, based on these studies, it appears that connective tissue may have a role in the plasticity of the EOMs and in ocular alignment. However, accessibility to human EOMs is limited and studies addressing the adaptation processes caused by surgical procedures used to correct strabismus are lacking, although a better understanding of these changes may help us to find new strategies to improve surgery outcome. In an attempt to fill this gap, a rabbit model of strabismus resection surgery has been previously used to investigate changes in specific molecules and cell populations 1 and 2 weeks (w) after surgery, showing an increase in the https://doi.org/10.1016/j.exer.2019.03.022 Received 9 January 2019; Received in revised form 25 March 2019; Accepted 28 March 2019 immunodetection of neonatal myosin heavy chain isoforms, MyoD and satellite cell activation (Christiansen and McLoon, 2006) .
In the present study we used a similar rabbit model to perform a complete gene expression profiling of the EOMs undergoing resection surgery in comparison with non-operated animals. In order to consider long-term changes, the EOMs were analyzed 1w, 2w, 4w and 6w postsurgery and we hypothesized that this characterization of the biological response of the EOMs would provide useful clues regarding candidate genes and biological processes that might regulate adaptation mechanisms triggered by strabismus surgery.
Methods

Strabismus surgery model and sample collection
The study was conducted in accordance with the European Directive 2010/63/EU, complied with the ARRIVE guidelines for the use of animals in research and had the approval of the Umeå animal experiment ethics board. Twenty healthy adult male New Zealand white rabbits (weight 2,3-3,0 kg) were used. Sixteen rabbits received 0.02 mg/kg of Buprenorphine subcutaneously 30 min prior to being transported to the operation room. Then they received 0.01 mg/kg of Glycopyrronium bromide subcutaneously followed by anesthesia with an intramuscular injection of Ketamine 17 mg/kg and Medetomidine 0.33 mg/kg. After opening the conjunctiva, the right superior rectus (SR) muscle was identified and carefully separated from the superior oblique muscle. Muscle sutures (6:0 Vicryl) were placed on the SR muscle 4 mm posterior to the scleral insertion. These anterior 4 mm contain the entire tendon, which is extremely short, and approximately 3.7 mm of distal muscle tissue. These 4 mm of tissue were cut out and the muscle was subsequently reattached to the bulb at the original insertion site. Finally, the conjunctiva was closed using 7:0 Vicryl sutures and anesthesia was reverted with 0.84 mg/kg of Atipamezole intramuscular. The rabbits were arbitrarily divided into groups of four animals and euthanized through an intraperitoneal injection of 200 mg/kg of pentobarbital, after 1w, 2w, 4w and 6w respectively. Four additional animals were used as controls and euthanized as above with the aim of detecting changes in gene expression triggered by resection surgery. No physiological changes in control adult rabbits are expected in the timeperiod tested in the present study. The complete right SR from all animals including its insertion and a small piece of immediately adjacent sclera was carefully dissected, stretched with needles to resting length (the approximate length it had in the orbit before it was cut loose from its apex origin) on cork plates and divided longitudinally into two halves ( Supplementary Fig. 2 ). Each muscle half comprised the full muscle length, included both orbital and global layers and the insertion into the immediately adjacent sclera. One muscle half was mounted on cardboard, frozen in propane chilled in liquid nitrogen and stored at −80°C until RNA extraction. The other muscle half, to be used for immunostaining, was either frozen in propane chilled in liquid nitrogen and stored at −80°C until sectioned or stretched on cork plates, fixated in 2% paraformaldehyde (PFA) for 1 h, washed in 0.1 M PBS, treated with 10% sucrose in 0.1 M PBS overnight at 4°C and retreated with 20% sucrose, and then stored at −80°C until sectioned.
The animal model used in the present study is well established (Christiansen and McLoon, 2006; Christiansen et al., 2010) and it uses the SR due to the anatomical constraints of the rabbit and in order to avoid concerns regarding animal welfare.
RNA isolation
Approximately 30 mg of SR muscle per animal were used to isolate the total RNA from each individual muscle (n = 20; 4 per group). Briefly, each frozen muscle was homogenized separately in RLT lysis buffer (from RNeasy Fibrous Tissue mini kit; Qiagen, Hilden, Germany) using TissueRuptor (Qiagen, Hilden, Germany) until complete homogenization. Thereafter, the dissociated tissue was diluted in diethyl pyrocarbonate (DEPC)-treated water and incubated with proteinase K at 55°C for 10 min to remove any connective tissue present in the sample. Samples were centrifuged and the supernatant was mixed with 75% ethanol and transferred to an RNAeasy spin column (RNeasy Fibrous Tissue mini kit; Qiagen, Hilden, Germany) for RNA isolation following the manufacturer's kit protocol. Quantity and quality of RNA were determined with Nanodrop 8000 Spectrophotometer (ThermoFisher Scientific, Waltham, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA). All samples had a RNA integrity number above 9 and an OD 260/280 ratio above 2, which indicate, respectively, a good RNA integrity (Mueller and Schroeder, 2004) and purity.
2.3. RNA sequencing and gene expression analysis cDNA library from RNA samples was prepared according to manufacturer's protocol for the TruSeq Stranded mRNA (Illumina, San Diego, USA) and sequencing was performed with Illumina HiSeq 2500 technology, using single read mode, and 50bp long reads were generated.
Raw data in fastq format were first processed by their decompression and concatenation through self-designed scripts and were subjected to a quality checking using FastQC. Then, reads were aligned to the rabbit (Oryctolagus cuniculus) indexed reference genome, obtained from Ensembl (Zerbino et al., 2018) , using STAR (version 2.5.3a) (Dobin et al., 2013) . A quality control of mapped reads was performed with QualiMap 2 application (Okonechnikov et al., 2016) and visualized with MultiQC tool (Ewels et al., 2016) . The featureCounts program from the subread package (version 1.5.2) (Liao et al., 2014) was used for counting reads of genes.
Differential gene expression analysis was performed in R (R Core Team, 2013) using DESeq2 (Love et al., 2014) . The threshold of significantly differentially expressed genes was settled to a log2 fold change (log2FC) of 1 and multiple hypothesis testing was addressed by controlling false discovery rate (FDR) using an a priori BenjaminiHochberg-adjusted p-value threshold of 0.05. This value implies that less than 5% of the tests found significant will be false positives (Benjamini and Hochberg, 1995) , which is rather stringent, in order to make sure that the results obtained are truly significant positives. Visualization of overlapping differentially expressed genes (DEGs) between groups of samples was done with Venn online tool (Oliveros, 2007) .
Enrichment analysis
An enrichment analysis of the significantly DEGs based on the rabbit functional annotation from Gene Onthology (GO) database (Ashburner et al., 2000; The Gene Ontology Consortium, 2017) was performed with GOstats package (Falcon and Gentleman, 2007) 
ran in R.
A pre-selection, in order to remove genes without gene identifier, was initially performed for the total DEGs data input and the significantly DEGs. GO terms obtained were classified in the ontologies of biological function, molecular function and cellular compartment. The cutoff for selecting significantly under and over-represented GO terms was established at log2FC > 1 and a FDR of 0.05 (BenjaminiHochberg-adjusted p value) . A complementary analysis to confirm enriched biological functions, identify new enriched pathways and perform a network enrichment analysis was conducted using Ingenuity Pathways Analysis tool (IPA ® ). Because rabbit (Oryctolagus cuniculus) is not a supported species on IPA ® , the analysis was performed with human orthologous genes.
Quantitative real-time PCR
To validate RNA sequencing data, four genes that were found differentially expressed were analyzed by quantitative real-time PCR (qRT-PCR). Equal amounts of total RNA from the same samples than those used in the RNA sequencing study were reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). qRT-PCR was run in duplicates on ViiA 7 Real-Time PCR System according to the manufacturer's protocol with Taqman Gene Expression Assays (Applied Biosystems, Waltham, MA, USA) (Supplementary Table 9 ). Hypoxanthine phosphoribosyltransferase 1 (HPRT1) was used as internal control and fold-changes of the genes were calculated as mean values of 2 -ΔΔCT relative to control group and transform to log2.
Immunofluorescence
Serial cross and longitudinal sections, 6 μm in thickness, were cut at −24°C with a Reichert Jung cryostat (Leica, Heidelberg, Germany). Longitudinal sections were obtained from the region comprising the anterior to the middle part of the SR muscle, the insertion site and the adjacent piece of sclera. Cross sections were obtained from the middle part of the SR muscle, containing therefore only muscle tissue. PFA/ sucrose pre-fixed samples were used for tenascin-C staining and freshfrozen samples were used for the rest of the antibodies. All sections used for immunofluorescence were air dried for 15 min and rehydrated in 0,01 M PBS. Thereafter, the sections were washed in PBS and blocked with 5% donkey normal serum in PBS containing 0,1% bovine serum albumin (BSA), for 15 min. Immediately after blocking, sections were incubated over night with the primary antibody (Table 1) diluted in PBS with 0,1% BSA at 4°C. After washing with PBS, sections were blocked again with 5% donkey normal serum in PBS containing 0,1% BSA and subsequently incubated at 37°C for 30 min with a speciesspecific secondary antibody conjugated with Alexa Fluor ® (Jackson ImmunoResearch, West Grove, USA), diluted in PBS with 0,1% BSA. Finally, the slides were washed in PBS and coverslips were mounted with Vectashield mounting medium (Vector Laboratories, Inc., Burlingame, CA, USA). Negative controls were processed as above, but the primary antibody was omitted. No immunolabeling was detected in control sections.
Images were taken with a Spot camera (RT KE slider, Diagnostic Instruments Inc., Sterling Heights, USA) connected to a Nikon microscope (Eclipse, E800; Tokyo, Japan). Images were processed using Adobe Photoshop software (Adobe System, Inc., Mountain View, CA, USA).
Results
Differentially expressed genes in EOMs following resection
A total of 18165 genes were identified in each of the 20 samples analyzed. Of those, and only considering the genes that were successfully mapped and following the criteria of FDR > 0.05 and log2FC > 1, 164 genes were found significantly differentially expressed at 1w; 136 genes at 2w; 64 genes at 4w and 12 at 6w postsurgery ( Table 2) . Most of the DEGs were up-regulated, whereas downregulated genes were fewer and appeared at 1w, 2w and 4w, but not at 6w. A complete list of the differentially expressed genes in each group is provided in Supplementary Tables 1, 2, 3 and 4.
Heatmap and principal component analysis (PCA) plot of the 20 samples were performed to study the similarity among samples based on their gene expression pattern (Fig. 1) . Some clustering based on the time points when the samples were collected, although with the presence of outliers and/or overlaps of samples from other groups, was present ( Fig. 1 B) . In general, samples lacked a clear separation into four completely distinct clusters which is in line with the presence of a large number of common significant DEGs between the four sample groups, shown as overlapping sets of genes in Fig The percentage of unique DEGs decreased with increasing time intervals from the surgery. Data set from 1w after surgery contained 50,6% (83 of 164) unique DEGs, this number decreased 2w post-surgery to 33,1% (45 of 136) and to 10,9% (7 of 64) at 4w after surgery. Finally, no unique DEGs were found 6w after surgery. Therefore, the highest number of differentially expressed genes and the highest significance values of the obtained genes occurred during the first 4w following resection surgery.
The top 20 differentially expressed genes in each group are detailed in Table 3 .
At 1w, the top up-regulated DEGs consisted mostly of genes coding ECM proteins and enzymes: CTHRC1 (collagen triple helix repeat containing 1) and MMP13 (matrix metalloproteinase 13), cyclin genes necessary for cell cycle and chemokine genes, while the down-regulated genes were mitochondrial genes coding for subunits of oxidative respiration complexes, for example COX2 (Cytochrome c oxidase subunit 2) and ATP6 (ATP synthase subunit a).
Two weeks post-surgery the list of the top up-regulated DEGs remained very similar, led, as in 1w, by MMP13 and CTHRC1. More ECM protein-coding genes were up-regulated, for example FBN2 (fibrillin 2), LUM (lumican) and FN1 (fibronectin 1). Genes that encode cyclins and chemokines, such as CXCL8 (C-X-C motif chemokine ligand 8) and CCL11 (C-C motif chemokine ligand 11) remained in the top 20 DEGs list 2w after surgery and mitochondrial genes were the top downregulated genes.
Four weeks after surgery some changes in the top 20 DEGs occurred in comparison with the previous two weeks. Although ECM genes appeared up-regulated with a similar fold change as in the previous weeks, the most up-regulated gene was CA3 (Carbonic Anhydrase 3), a muscle specific gene, highly expressed in normal skeletal muscle that has been associated with oxidative damage response (Räisänen et al., 1999; Zimmerman et al., 2004) , mitochondrial ATP synthesis and metabolism. CABP5 (Calcium binding protein 5) appeared as the most down-regulated gene and once more, mitochondrial genes were downregulated at this time point.
The samples collected 6w after surgery showed a substantially lower number of DEGs, 12 in total, all of them included in the top DEG list. This list was headed by CA3 with a lower FC and FDR than at 4w post- surgery. The list also contained genes that encode ECM proteins and chemokines, in agreement with previous weeks. No down-regulated genes were found at 6w post-surgery.
GO enrichment analysis
In order to evaluate the biological significance of the changes, an enrichment analysis based on the association of the obtained differentially expressed genes and the functional annotations of these genes in the Gene Onthology (GO) database was performed using R. Given the similarity of DEG patterns over time and, therefore, the small differences between each of the different time points after surgery, we only present the results of the comparisons between the four different time points groups and the control group. Results were classified into three categories since GO defines gene functions (terms) in three domains: biological process, molecular function and cellular compartment. Our interest was focused on the biological process (BP) category and only BP GO terms with a log2FC > 1 and a FDR > 0.05 were considered significant. A total of 234 BP GO terms were found significantly represented at 1w post-surgery. From those, 213 terms were over-represented and 21 were under-represented. At 2w post-surgery, 245 BP GO terms were significantly represented; 220 were over-represented and 25 under-represented. At 4w post-surgery the number of significantly represented BP GO terms was 153; 136 were over-represented and 17 under-represented, at 6w, 112 BP GO terms were over-represented and no terms were found under-represented following the established criteria.
Under-represented BP terms showed weak statistically significant values in comparison with the over-represented BP terms (ex: at 1w under-represented terms FDR values ranged between 0.049-0.0464 and over-represented FDR values, ranged between 0.048-0.00018) and were essentially represented by terms related to nitrogen compounds and macromolecule metabolism. The top 20 most over-represented biological processes at each time point after surgery were clustered into 5 general groups. These groups were "Metabolic processes" (contains mainly terms related to mitochondrial respiratory chain and nucleoside phosphate metabolism), "Response to stimulus" (closely related to inflammation and immune response), "Cell cycle" (cluster containing terms composed by genes encoding cyclins and other proteins involved in the cell cycle), "ECM" (containing terms closely related to ECM growth, signaling and organization) and "Cell organization, localization and growth" (heterogenic cluster that contains terms related to cell location and proliferation), Supplementary Tables 5, 6, 7 and 8.
Complementary analysis with IPA ® was performed and results did verify and complete results from the functional enrichment analysis. Individual analysis per each group and a comparison analysis between all four groups provided a list of over-represented canonical pathways ( Supplementary Fig. 1 ) which were closely related to the BP terms obtained with GO enrichment analysis, as detailed below. IPA ® analysis also mapped the DEGs to networks included in IPA ® database and provided a list of networks ranked by their score. The most highly scored networks at 1w, 2w, 4w and 6w post-surgery were those related to cell cycle, cell assembly and organization, connective tissue disorders and protein synthesis and degradation respectively (Table 4 ). In addition, networks related to cell-to-cell signaling, inflammatory response and metabolic disorders were also on the highest-scoring group. The most representative genes included in the five GO BP clusters, and additional genes provided by the complementary canonical pathways analysis, were represented individually over the time-course following surgery in order to understand the progression of the changes and its relevance over time. We focused on the clusters we considered more relevant in processes related to strabismus surgery procedure: "Metabolic processes", "Response to stimulus", "Cell cycle" and "ECM".
Metabolic processes over time
A high proportion of top 20 over-represented BP during the first 4w after surgery were those related to metabolic processes which included GO terms such as "electron transport chain", "oxidative phosphorylation" and "cellular respiration". Part of the over-represented pathways also referred to nucleoside metabolic processes. Genes over-expressed in the terms included in this cluster (Fig. 2) were dominated by mitochondrial genes such as COX2, COX3, that encode the subunits 2 and 3 that form, together with subunit 1, the functional core of the enzymatic complex IV of the respiratory chain cytochrome C oxidase. Other genes were ND4 (NADH-ubiquinone oxidoreductase chain 4) and ND5 (NADH-ubiquinone oxidoreductase chain 5) which encode different subunits of mitochondrial respiratory chain complex I, NADH dehydrogenase. The mitochondrial gene CYTB that encodes cytochrome B was also present, along with complex III of respiratory chain and the genes ATP6 (ATP synthase subunit a) and ATP8 (ATP synthase protein 8) that encode subunits of complex V, ATP synthase. Six weeks-post surgery no GO BP related to metabolic processes, neither mitochondria genes were found differentially expressed (Fig. 2) . The nuclear gene CDK1 (cyclin dependent kinase 1), also included in most of metabolic processes GO BP terms, appeared significantly increased at 1w and, to a lesser extent, 2w, whereas at 4w and 6w no significant differences were found (Fig. 2) .
Concordant results were found with Ingenuity Pathway Analysis (IPA ® ), which identified among the top canonical pathways "oxidative phosphorylation" and "mitochondrial dysfunction" containing the same mitochondrial genes stated above and over-represented at 1w, 2w and 4w post-surgery with a peak at 4w. No canonical pathways related to oxidative phosphorylation were revealed by IPA ® analysis 6w postsurgery ( Supplementary Fig. 1 ).
Response to stimulus over time
This category includes GO terms directly related to immune response such as "regulation of immune system process", "inflammatory response", "neutrophil activation", and terms that define pathways and responses to different factors implicated in the immune response such as "cellular response to interleukin-1" and "cellular response to tumor necrosis factor" and "fc-gamma receptor signaling pathway" (Supplementary Tables 5, 6 , 7 and 8). IPA ® analysis confirmed GO results, with a strong presence of canonical pathways related to immune response such as "antigen presentation pathway" and "granulocyte and agranulocyte adhesion and diapedesis" and "communication between innate and adaptive immune cells" at 1w, 2w, 4w and 6w post-surgery ( Supplementary Fig. 1 ). Another pathway that appeared on the top 20 over-represented at all time points was "TREM1 signaling", with an important role in innate immune responses, such as activation of inflammatory responses. Genes belonging to these pathways were the same as those included in GO terms "Response to stimulus" cluster and comprised principally genes coding cytokines and chemokines. IPA ® canonical pathways also included genes coding major histocompatibility complex (HLA-DOB; HLA-DPA1 and HLA-DRA), which were significantly and relatively constantly up-regulated during the first 4w after surgery and returned to levels of expression without significant differences from controls at 6w (Fig. 3 B) . In general, chemokine and cytokine genes appeared upregulated already at 1w post-surgery, and their fold change value remained quite similar over weeks, although the FDR of these changes decreased slightly along the weeks and dropped at 4w or 6w, as can be observed in Fig. 3 A for genes CCR7 (C-C motif chemokine receptor 7), CHI3L1 (chitinase 3 like 1), CLEC4E (C-type lectin domain family 4 member E) and CLEC5A (C-type lectin domain containing 5A) and IL1RL1 (interleukin 1 receptor like 1). Meanwhile, genes CXCL8 (C-X-C motif chemokine ligand 8) and CCL5 (C-C motif chemokine ligand 5) that encode chemokine proteins that actively participate in the inflammatory response continued up-regulated after 6w. IPA ® analysis revealed other pathways related to immune response including the two helper T cell "Th1 pathway" and "Th2 pathways" which were activated at 1w, 2w and 4w post-surgery ( Supplementary  Fig. 1 ).
Although not on the top 20 pathways, IPA ® study also revealed that "IL-6 signaling" pathway, characteristic of Th1 response, appeared at all time points with a tendency to decrease over time. Other pro-and anti-inflammatory interleukin-related pathways not included in the previous GO term study also seemed to play an important role over time. "IL-10 signaling" pathway was significantly over-represented at 1w post-surgery and decreased over time to total absence 6w postsurgery, "IL-17 signaling" showed its highest significance at 2w and 4w post-surgery, "IL-15 signaling" was over-represented at all time points, but only significant at 6w, "IL-4" with an increasing tendency until it reached significant representation at 4w post-surgery and disappearing completely at 6w and finally "IL-8 signaling" was significantly represented at 2w, 4w and 6w after-surgery.
Cell cycle over time
Functional enrichment analysis based on GO BP terms showed biological functions linked to cell cycle. At 1w after-surgery the terms comprising the cell cycle cluster were: "chromosome segregation", "sister chromatid segregation" and "regulation of mitotic centrosome separation" (Supplementary Tables 5, 6, 7 and 8) . At 2w post-surgery, although not on the top 20 BP, "regulation of mitotic centrosome separation" and "positive regulation of mitotic cell cycle phase transition" appeared over-represented. The following weeks did not show such over-representation. These results were in agreement with IPA ® analysis which provided general pathways related to cell cycle significantly over-represented at 1w and, with lower significance, at 2w after surgery, such as "cell cycle: G2/M DNA damage checkpoint regulation", "cyclins and cell cycle regulation" or "role of CHK proteins in cell cycle checkpoint control" (Supplementary Fig. 1 ). None of these terms appeared significantly over-represented at 4w and 6w post-surgery.
Common genes in these pathways and terms were: cyclins CCNB1 (cyclin B1) and CCNB2 (cyclin B2) and kinases AURKA (aurora kinase A), CDK1 (cyclin dependent kinase 1) and NEK2 (NIMA related kinase 2). Representation of genes in cell cycle related terms and canonical pathways (Fig. 4) showed a common tendency with a clear and significant increase of their expression 1w after surgery that started to drop at 2w and concluded with normal values with no significant differences with respect to controls at 4w and 6w after surgery. In agreement with GO enrichment analysis and canonical pathways analysis, IPA ® identified from the list of DEGs (Supplementary Tables 1, Fig. 2 . Temporal expression profile of significant differentially expressed genes (DEGs) related to "Metabolic process" cluster on the extraocular muscles after surgery based on top 20 biological processes (BP) obtained by enrichment analysis with R software. Data is presented with log2 fold change (log2FC) in bar chart and -log(adjusted-p value) in symbols (▲) for each gene at each time point. The dotted line indicates the significant threshold equivalent to a false discovery rate (FDR) of 0.05. Note that the decrease of genes expression is very similar from 1w to 4w, whereas at 6w no significant changes were detected. . Data is presented with log2 fold change (log2FC) in bar chart and -log(adjusted-p value) in symbols (▲) for each gene at each time point. The dotted line indicates the significant threshold equivalent to a false discovery rate (FDR) of 0.05. Both groups of genes coding chemokines and cytokines (A) and the major histocompatibility complex (B) show increased expression levels already at 1w with a tendency to decrease their expression over time. Most of the genes do not show significant changes after 6w from surgery.
2, 3 and 4) six up-regulated transcription factors (FOXM1, E2F2, E2F7, RUNX1, TCF19 and MYBL2) with important roles in the control and regulation of different stages of cell cycle (Wierstra, 2013; Degregori et al., 1997; Di Stefano et al., 2003; Musa et al., 2017 ) that can act as upstream regulators, at 1w post-surgery. Two weeks after surgery, two different transcription factors appeared up-regulated, IRF7 and CIITA, the latter regulating transcription of class II MHC genes (Downs et al., 2016) .
Moreover, several growth factors with important roles in cell cycle control were also up-regulated at 1w and 2w post-surgery (Supplementary Tables 1, 2, 3 and 4) . During the first week those were the growth factor-coding gene NOV, expressed in skeletal muscle, especially in myotubes and fusing myoblasts (Perbal, 2001 ) and FGF23, implicated in a large number of biological process (Richter and Faul, 2018) . During the second week, NOV and FGF23 remained up-regulated together with the newly up-regulated CTGF, FGF16 and FGF7. Based on IPA ® database, these growth factors target genes up-regulated in the list of DEGs such as, CTGF, FN1, MMP1, MMP2, MMP9 or MMP13, which similarly showed greatest expression at 2w post-surgery (Fig. 5) . Four weeks after surgery only FGF23 remained up-regulated and 6w postsurgery no growth factors neither transcription factors were up or down-regulated.
ECM over time
Collagen, metalloproteinases and other ECM protein-coding genes were those included in the "ECM" cluster, which was composed by terms such as "collagen fibril organization" and "extracellular structure organization".
As can be appreciated in Fig. 5 A, collagen genes increased their expression mainly from 1w to 2w after surgery and some of them maintained this increase until 4w after surgery, whereas 6w after surgery no statistically significant differences in comparison to controls could be found. Metalloproteinase genes (Fig. 5 B) did not show as clear a tendency but the highest significant levels were similarly reached at 2w for most of the genes, followed by a tendency to decrease their levels over time. Other genes coding ECM components were FN1 (fibronectin 1), BGN (biglycan), FBN2 (fibrillin 2), HAPLN1 (hyaluronan and proteoglycan link protein 1) and TNC (tenascin-C). These generally increased the first 2w and then decreased at 4w and 6w. In contrast, VCAN (versican) started to decrease already after 1w post-surgery. IPA ® analysis did not provide extra information about EMC related genes and pathways ( Supplementary Fig. 1 ). The canonical pathways revealed by IPA ® analysis containing a majority of ECM genes were "hepatic fibrosis/hepatic stellate cell activation" and "Inhibition of matrix metalloproteases". The first was over-represented in all groups, specially 2w and 4w after surgery, whereas the second, also over-represented in all groups, had more significance 2w and 6w after surgery and was predicted to be down-regulated according to IPA ® analysis.
As stated before, connective tissue seems to play an important role ) software. Data is presented with log2 fold change (log2FC) in bar chart and -log(adjusted-p value) in symbols (▲) for each gene at each time point. The dotted line indicates the significant threshold equivalent to a false discovery rate (FDR) of 0.05. Note that the highest over-expression values are clearly observed at 1w post-surgery. Fig. 5 . Temporal expression profile of significant differentially expressed genes (DEGs) related to "ECM" (extracellular matrix) cluster on the extraocular muscles after surgery based on top 20 biological processes (BP) obtained by enrichment analysis with R software. DEGs are divided in collagen genes (A), metalloproteinase genes (B) and other connective tissue proteins (C). Data is presented with log2 fold change (log2FC) in bar chart and -log(adjusted-p value in symbols (▲) for each gene at each time point. The dotted line indicates the significant threshold equivalent to a false discovery rate (FDR) of 0.05. The three groups of genes (A-C) show their highest levels of expression from 1w to 4w followed by a decrease of their levels at 6w. in the plasticity of the EOMs and ocular alignment (Altick et al., 2012; Agarwal et al., 2016; McLoon et al., 2018; Stager et al., 2013; Kitada et al., 2003) . This is supported by the above results, which revealed an evident increase of ECM related genes, transcription and growth factors genes confirmed by GO enrichment and IPA analysis. We further investigated whether these changes could also result in variation at the protein level, by using immunohistochemistry to detect collagen I, fibronectin, versican and tenascin-C. Compared with the controls, the perimysium of the SR muscle 4w after surgery appeared thicker in sections treated with the antibody against collagen I, whereas there were no changes in the endomysium (Fig. 6 A, D) . Collagen I gene expression showed the highest level at 2w post-surgery and recovered normal values at 6w after resection, whereas the staining pattern (Fig. 6 A, D, G) remained unchanged between 4w and 6w post-surgery, which likely indicates a delay between the changes in gene expression and the respective protein level. Fibronectin (Fig. 6 B, E, H) , which appeared significantly up-regulated at the gene level specially 2w after surgery, also showed a more prominent immunolabeling 4w after surgery, both in the perimysium and the endomysium (Fig. 6 E ) and similarly to its gene level, which decreased at 6w compared to 4w, immunolabeling was decreased 6w after resection when compared to 4w (Fig. 6 H) . Versican (Fig. 6 C, F, I ), which showed maximum gene expression levels 1w after resection, showed a slightly more intense immunolabeling in the endomysium at the same time point (Fig. 6 F) . At 6w no differences in versican staining were detected relative to controls, neither at the protein (Fig. 6 C, I ) or gene level. Finally, since tenascin-C expression in normal conditions is restricted to the tendon and absent in the muscle tissue (Järvinen et al., 2000) , its expression was analyzed 1w and 2w after surgery in longitudinal samples containing both the muscle and the adherent sclera. We found tenascin-C immunostaining both at 1w and 2w in a short area located between the most anterior part of the muscle and the sclera; the sclera itself was also labeled for tenascin-C, as previously described (Maseruka et al., 1997 (Maseruka et al., , 2000 . The labeling for tenascin-C in this area was intense with a fibrilar pattern intermingled with some myofibers, which were not labeled for tenascin-C ( Fig. 6J and K). Furthermore, individual muscle fibers displaying typical myotendinous junctions strongly labeled for tenascin-C were present (Fig. 6  L) . Because in our resection model the tendon was removed and given that the expression of TNC gene increased thereafter, these results indicate the formation of new tendon following surgery.
Validation of DEGs from RNA sequencing with qRT-PCR
To validate the gene expression results obtained from the RNA sequencing, a qRT-PCR was performed in all the samples used for the RNA sequencing to evaluate the expression levels of 4 selected DEGs. The selected genes were two of the most up-regulated genes (CA3 and MMP13) and two of the most down-regulated genes (ATP6 and COX2) in the gene expression analysis from the RNA sequencing. Expression values were comparable between the two techniques in all 4 groups of samples for the genes MMP13 and CA3 (Fig. 7) . Log2FC values of ATP6 and COX2 genes obtained by qRT-PCR were smaller than those obtained by RNA sequencing gene expression analysis, however the tendency of the changes was consistent between the two techniques (Fig. 7) .
Discussion
Based on the data from DEGs and GO BP enrichment analysis, we attempted to elucidate mechanisms elicited by strabismus resection surgery and their modulation over time. This is, to the best of our knowledge, the first study to investigate the biological response of the EOMs to resection in the gene level by studying the whole coding transcriptome for a long time period post-surgery. (C, F and I) and tenascin-C (J-L). Collagen I labeling was increased in the perimysium 4 (D, arrows) and 6w (G, arrows) after surgery. Fibronectin labeling was increased both in the perimysium (E, arrows) and endomysium (E, arrowheads) at 4w, whereas at 6w post-surgery (H) the labeling pattern was similar to that of the control (B). Versican was slightly increased in the endomysium (F, arrowheads) 1w post-surgery and no changes were detectable any more at 6w post-surgery (I). In longitudinal sections (J-L) tenascin-C was detected in the area between the muscle tissue (m) and the sclera (not shown) two weeks after surgery (J). The area marked in J is shown at higher magnification in K and asterisks indicate unlabeled myofibers intermingled with the tendon fibers labeled with tenascin-C (green). Typical myotendinous junctions at the distal end of individual myofibers were detected with tenascin-C labeling, here shown with enhanced background (red) to better identify the myofibers (L, asterisk). Scale bars in A-I = 40 μm, J = 100 μm and K-L = 20 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Among the diverse enriched biological processes related to the DEG dataset, those that varied more over time after strabismus surgery were associated with cell cycle. Cell cycle related terms and pathways appeared significantly over-represented 1 and 2w after surgery. In agreement with this finding, six transcription factors involved in cell cycle regulation were found up-regulated and the gene coding for the nuclear marker of cell proliferation MKI67 appeared up-regulated during the first week after surgery and this increase was accompanied by a significant up-regulation of CCNB1 (cyclin B1 gene) and CDK1 (cyclin dependent kinase 1 gene), which together form a highly active complex just before mitosis (Nurse, 1990) .
Previous studies carried on in this model but with 5-6 mm of tissue resected (Christiansen and McLoon, 2006) , reported an increase of MyoD protein, a marker of activated satellite cells, 1w and 2w after resection, but changes in gene expression were not evaluated. Our data, from samples where 4 mm of tissue containing also both tendon and muscle was resected, showed no changes in the expression of the MyoD gene or myogenic cell precursor genes that would be expected to coincide with initial stages of muscle regeneration, such as the satellite cell marker Pax7. However, comparison of both studies is complex since it is well known that correlation of mRNA levels for a certain gene and the levels of the corresponding protein vary and are not always linear . The lack of myogenic markers together with an increase in cell cycle genes and genes coding for transcription and growth factors in our dataset may reflect changes in cells types other than muscle cells in the EOMs, e.g. fibroblasts and endothelial cells, and these are also likely to participate in the response of the EOMs. Most likely, the up-regulated genes related to cell cycle that we found 1w after surgery and, to a lower magnitude 2w after, may reflect later stages of adaptation to surgery that mainly imply adaptation of connective tissue, ECM and tendon. This hypothesis is supported by i) it is widely known that ECM tissue surrounding the muscle fibers plays an essential role in muscle homeostasis undergoing dynamic changes to adapt the muscle environment (Grzelkowska-Kowalczyk, 2016) and ii) because resection involves both stretching of the EOM and tendon removal, making the formation of new tendon tissue very likely. It has also been shown that there are larger differences in connective tissue and ECM-associated genes and proteins than in muscle tissue in EOMs of patients affected with strabismus (Altick et al., 2012; ; Stager et al., 2013; Kitada et al., 2003; Agarwal et al., 2016) .
In relation to the first argument, our data revealed that genes coding different types of collagen, including collagen types I and III, which have been described to be highly expressed in the ECM of the EOMs (McLoon et al., 2018) , were up-regulated after the surgery. Moreover, other ECM proteins such as versican and fibronectin 1 also showed an increase at gene expression level that resulted in a increase of immunolabeling of the corresponding encoded proteins.
The tendon healing process has been widely investigated in different injury models. It involves three different well differentiated stages (Voleti et al., 2012.) : inflammation, proliferation/repair and remodeling. The two last stages imply structural changes that also can be observed during tendon development. During the repair stage, collagen III synthesis predominates, whereas in the remodeling stage, the collagen with higher synthesis is type I. This shift in the ratio of collagen I and III over time has also been described in models where the tendon was completely removed and followed by a tendon regeneration process which is more comparable to our resection model (Otoshi et al., 2011) . In agreement, genes coding the fibrillar collagen I and III appeared up-regulated in our dataset 2w and 4w post-surgery along with collagen V gene, which is expressed in tissues enriched in collagen type I (Birk, 2001) , as the tendon is. Similarly, two weeks after surgery, the connective tissue growth factor CTGF, that plays an important role in the tendon healing process (Chen et al., 2008) , was up-regulated. Corresponding with that period of time, genes coding for metalloproteinase (MMP), enzymes responsible for breaking down different types of collagen and other components of the ECM to allow cell migration and differentiation, exhibited increased expression in our data set, with maximum levels at 2w-post surgery. MMP genes up-regulated in our data set comprised those that encode for the MMP1 and MMP13 collagenases implicated in the degradation of the fibrillar collagens (Sbardella et al., 2012) which is consistent with the cleavage of collagens I and III during connective tissue remodeling. Moreover, the increase of MMP13 expression after surgery in our dataset correlated with the increase of genes coding for their target proteins collagens X and XIV and fibronectin (Zhang et al., 2012; Sbardella et al., 2012) . Also the gelatinases MMP2 and MMP9 that digest fibronectin (Okada et al., 1990) and collagens X and XIV (Sbardella et al., 2012) rose their gene levels after resection. All of the stated MMPs have been shown to have an important role in the tendon healing process Archambault et al., 2002; Yang et al., 2005; Hatta et al., 2013; Minkwitz et al., 2017; Jones et al., 2006; Choi et al., 2002; Karousou et al., 2008) and their levels of expression after tendon injury show a similar pattern to that obtained in our data set, especially for MMP9 and MMP13 (Oshiro et al., 2003) . However, apart from changes in the ECM surrounding the muscle fibers confirmed by our data, a relevant finding that supports the hypothesis of new tendon tissue formation after surgery is the up-regulation of TNC gene and the detection of tenascin-C immunolabeling after surgery. During resection surgery, the SR muscle was cut 4 mm posterior to the scleral insertion, completely removing the tendon and the distal part of the muscle. In consequence, the positive immunodetection of tenascin-C in the insertion area located between the muscle tissue and the sclera proves that resection induces successful formation of a new tendon.
The above findings in ECM genes and proteins were corroborated by the over-representation of several biological processes including "collagen fibril organization" and "extracellular structure organization" which demonstrated that strabismus surgery triggers changes in the connective tissue and suggest that the decrease of DEGs related to the ECM on the last weeks corresponds to the end of the ECM remodeling and the recovering of the normal values of collagen, MMP and other ECM genes.
Inflammatory response, which occurs at first stage of tendon healing (Voleti et al., 2012.) and muscle regeneration (Tidball and Villalta, 2010) , regulates MMPs expression and activity ). Our results demonstrate that up-regulation of genes that encode pro-inflammatory chemokines and cytokines was very significant already the first week after surgery, whereas MMP and collagen encoding genes increased principally 2w post-surgery. Six weeks after the resection, most of immune-related genes and genes encoding for connective tissue proteins dropped in their expression levels. However, genes coding for the pro-inflammatory chemokines CCL5 and CXCL8 appeared upregulated at all time points, indicating that an inflammatory state persisted even 6w after surgery, suggesting that the healing process was not completed within this time period.
DEGs analysis revealed that genes that encode proteins from all respiratory chain complexes, except complex II, were significantly down-regulated in our data set 1w, 2w and 4w after surgery. BP GO enrichment analysis of the same sample groups confirmed that resection surgery affected biological processes implicated in electron transport chain and oxidative phosphorylation. It has been shown that mitochondria play a regulatory role in myogenic proliferation and differentiation steps during skeletal muscle regeneration (Wagatsuma and Sakuma, 2013; Duguez et al., 2002) where upstream regulators and transcription factors of mitochondrial genes, such as PGC-1alpha, PGC1beta, PRC, NRF-1 and NRF-2 are up-regulated (Wagatsuma and Sakuma, 2013) . Our results did not parallel such evidence, which, as stated before, supports the hypothesis that resection had a greater effect on cell types of the EOMs other than muscle cells, at the time points analyzed. Furthermore, the mitochondrial population of the EOMs differs from that of other skeletal muscle (Patel et al., 2009 ) and the EOMs have a different metabolic activity (Fischer et al., 2005) . Moreover, we do not discard that changes in mitochondrial genes could be related to fiber type shifts after surgery, although no myosin heavy chain genes have been found differentially expressed in our study.
The prevalence of genes coding collagens, MMP and other connective tissue proteins above myogenic markers and the detection of tendinous structures in operated muscles, leads us to speculate that ECM and principally the tendon of the EOMs, are the main tissues involved in the adaptation to resection 1w to 6w after surgery, especially during the first 4w following surgery. Most likely, similar biological responses can be expected from all EOMs, although it should be kept in mind that the SR in the rabbit lacks palisade endings (Blumer et al., 2016) and it is hard to speculate on possible roles they may play in the adaptation to resection surgery. The data presented here open the opportunity to design new hypotheses addressing the role of the connective tissue and ECM in the biological response of the EOMs to resection surgery with the aim of developing future new strategies to improve strabismus surgery outcome.
Conclusions
In spite of the limitations of the animal model used, which does not allow us to discard the possibility of short-time changes occurring within hours or days after surgery, this study provides novel understanding of changes at the gene level taking place in the EOMs of an animal model subjected to a common surgical procedure performed in patients with strabismus. Our results provide the basis for future experiments with other types of EOM surgery and additional time points to ultimately develop modifications of surgical procedures, for example with parallel use of pharmaceutical agents, to improve the outcome of strabismus surgery.
